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We therefore consider the arrangement shown 
in plan in Fig. 2, the distance to A 2 being very 
much greater than di. The resultant field strength 
at A 2 may be calculated by integrating over the 
wavefront, to infinity on both sides of the strip; 
this gives the sum of the direct and re-radiated 
fields. Alternatively the re-radiated field alone 
may be calculated by integrating the incident field 
strength over the width of the strip itself; this 
procedure may be justified by Babinet's principle. 
Adopting the latter procedure we obtain the result 



pdih = -y/2 xpiu) e' W4 



(7) 



where u = w/(2Adi) , w is the width of the strip 
and \p(u) is the complex Fresnel integral,* defined 

by 



</»(u) - C(u) -jS(u) = I e -M^/2 



dt 



(8) 



It will be noted that p^rfi is approximately equal 
to -1 for very wide obstacles as the re-radiated 
field tends to cancel the direct radiation but for 
narrower obstacles (corresponding to small values 
of u) the phase of the re-radiated field tends to- 
wards -37r/4. In directions other than 4> ~ 77 the 
relative phase of the direct and re-radiated signals 
depends on the separation in wavelengths between 
the transmitting aerial and the obstacle; the greater 
the spacing the more rapidly does the phase vary 
as the observer moves round the system. In most 
practical arrangements the phase varies so rapidly, 
both with direction and with frequency, that it is 
difficult to predict it accurately except in the imme- 
diate vicinity of the shadow region. Attention is 
therefore mainly confined to the relative amplitude 
of the re-radiated signal, since this sets the upper 
and lower limits to the resultant field strength. In 
the shadow region, however, an accurate knowledge 
of the phase is often desirable because the relative 
phase partly determines the width of the shadow. 

The coefficient g(n) for a strip or wide ob- 
stacle may be obtained by writing 4>~ tt in Equation 
(6) and comparing with Equation (7); the result is 



quently encountered in situations involving shadow- 
ing by obstacles. In directions close to - 77 the 
re-radiation pattern of the obstacle then resembles 
that of a uniformly illuminated aperture of width w. 
A wide obstacle therefore casts a deep shadow over 
a relatively narrow arc, provided its distance from 
the transmitting aerial satisfies the criterion 
di/\>2(w/\) 2 . 

Re-radiation coefficients may be calculated 
exactly for a few special types of obstacles such 
as circular cylinders. In other cases approximate 
theoretical methods may be used with reasonable 
accuracy. Re-radiation coefficients for obstacles 
such as lattice masts which are not very amenable 
to theoretical calculation may be measured with 
models. A number of different types of obstacles 
will now be considered in detail. 

2.1. Perfectly-Conducting Circular Cylinders 

Re-radiation coefficients for perfectly-conduct- 
ing circular cylinders, for both vertically and hori- 
zontally polarized transmissions, are derived in the 
Appendix (Section 9.1). When d 2 » dt the re-radia- 
tion coefficient for vertical polarization* is given 

by 
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where a is the radius of the cylinder, J„ denotes 
the Bessel function of the first kind of order n and 
Hrj denotes the Hankel function of the second kind 
of order n. 

The corresponding expression for horizontal 
polarization* is 

H (2) (M) 



„-//3dicos<£ 



g(77) = (2di/\)^«/»(u) 



(9) 
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If di/K > 2(w/A) 2 , </<(«) is approximately equal** to 
u and g(n) is then equal to vv/A^ this result is fre- 

* It should be noted that Fresnel integrals are some- 
times tabulated as a function of u but more often as a 
function of "U 2 /2, since their values then oscillate with 
a constant period. In Jahnke and Emde's "Tables of 
Functions* nu 2 /2 is denoted by z and in Pearcey's 
"Tables of the Fresnel Integral" by x, 

**The error in i/<(u) is 1% in amplitude and 7V4 in phase. 
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* It is convenient ;to use these terms throughout the 
report to describe the field incident on the cylinder; we 
assume that the axis of the cylindrical obstacle is verti- 
cal - the usual practical case. 



c V 
where in (fid) and H}j 2 (/3a) denote the first deri- 
vatives of J n (/3a) and H^ 2 (/3a) respectively. In 
both cases the coefficients of cos n<p diminish as 
n increases, the number of significant terms in the 
series depending on the cylinder radius. 

Equations (10) and (11) are not in a convenient 
form for the graphical representation of pai4>) since 
this is a function of three variables (a, di and 0); 
nevertheless a limited range of curves has been 
published. 8 However, if d x /K > 2-2(2a/A) 2 , the 
Hankel functions of j3d\ may be replaced by their 
asymptotic values in all the significant terms* of 
the expansions and the expressions for pd4>) then 
take the same form as Equation (6) and lead to the 
following value for g(0) when the electric vector is 
parallel to the cylinder axis (vertical polarization). 



mirror. In the direction = 180° the re-radiated 
field rises to a much larger value and the h.r.p. has 
a lobe whose width decreases as the cylinder size 
increases. In this direction the contributions to 
the re-radiated field from all the induced currents 
on the cylinder tend to be in phase and, as with 
any co-phased aperture distribution, the width of 
the main lobe decreases as the aperture increases. 

It is of interest to compare these values of 
|g(0)| with those which would be obtained by the 
methods of geometrical optics. Over a wide arc 
centred on the direction = the cylinder may be 
regarded as a cylindrical mirror and in the Appendix 
(Section 9.2) it is shown that |g(0) | is then given 
approximately by 



g(0) 
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The corresponding result for horizontal polari- 
zation is 



|g(0)| - - 



2a 

— cos — 

^ 2. 



(14) 



Values calculated from this expression for - 
and 90° are shown in Fig. 3 and the agreement with 
the exact values is surprisingly good in view of the 
small cylinder radii considered. With lar.ger cylin- 
ders the agreement is even better; for /3a = 20 the 
approximate values for |g(0)| are almost indistin- 
guishable from the exact values shown in Fig. 4 for 
values of up to 120°. 
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(13) 

The modulus of g(0) is shown in Fig. 3 as a 
function of cylinder radius, for three values of 
and both polarizations. In Figs. 4 and 5 computed** 
values of |g(0)| are plotted as a function of for 
three cylinder radii; these curves are therefore 
horizontal re-radiation patterns. It will be seen 
that the re-radiated field is substantially constant 
between 0=0 and 120° because, for these direc- 
tions, the obstacle is behaving as a cylindrical 



* The term whose amplitude is 10% of the largest term 
preceeding it has a phase error of 22Vi ; subsequent 
terms have greater phase errors but smaller amplitudes. 
It will be noted that the criterion stated above is almost 
the same as that given below Equation (9). 

** The computer programmes for these functions, and for 
other functions discussed later in this report, were 
written by R.W. Lee and R.E. Davies. 



In the direction = 180° (the shadow region) 
the cylinder may be regarded as equivalent to a 
flat strip of width 2a, for which |g(0) | =* 2aA.. 
This value of |g(0)| is also shown in Fig. 3 and, 
again, agreement is obtained. In Fig. 5 the re- 
radiation pattern of a strip* is compared with the 
exact re-radiation patterns of a cylinder of 20 
radians radius for both polarizations; it will be 
seen that the shapes of the lobes centred on = 
180° are accurately reproduced by the strip approxi- 
mation. 

These results show that the methods of geo- 
metrical optics may be used with little error for 
cylinders more than 2A. in diameter. They also 
show that, for cylinders exceeding this size, /Oo(0) 
is independent of frequency over a wide arc centred 
on = 0, but proportional to the square root of the 
frequency in the shadow direction. 



* The current induced on the strip is assumed to be 
co-phased across the width, w, of the strip; this corres- 
ponds to the condition (di/k)^ > {w/K)' 2 . The strip pat- 
terns are therefore strictly comparable with the cylinder 
patterns since the latter are exact when d\ is very large. 
The effect of decreasing di is to slightly fill the zeros 
of the strip pattern. 



When dz»dithe relative phase of the re-radia- 
ted and direct signals is given by Equation (6). 
When the spacing between the transmitting aerial 
and cylinder is large enough for Equations (12) and 
(13) to apply, the phase of po(4>) in the direction 
4> = 180° is 



4>{p (n-)> =*' 
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(15) 
for vertical polarization 



polarization that the polygonal cylinder forms the 
inner conductor of a hypothetical transmission line 
having a large outer conductor; the radius of the 
equivalent circular cylinder is then such that, if 
substituted for the polygon, no change in charac- 
teristic impedance occurs. It has been shown ' 
that square and triangular cylinders with sides of 
width w may be replaced by circular cylinders of 
radii 0"59w and 0*42 w respectively and that a flat 
strip of width w is equivalent to a circular cylinder 
of radius w/4. There is, however, no justification 
for the use of this method for horizontal polarization 
because the re-radiation coefficient depends on the 
orientation of the cylinder relative to the direction 
of the incident radiation; this is apparent from 
consideration of a flat strip. Nevertheless the 
approximations stated above appear to be reasonably 
accurate for regular polygons.* 
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(16) 
for horizontal polarization 



where <£>(*) signifies the phase of x. 

Fig. 6 shows how the relative phase in the 
direction 4> = 180° varies with cylinder radius. For 
both polarizations the phase tends to -135° as the 
cylinder radius increases; this value is consistent 
with that which would be obtained by the methods 
of geometrical optics. 



2.2. Perfectly-Conducting Polygonal Cylinders 

This Section deals with square- and triangular- 
section cylinders and therefore covers the types of 
mast structures commonly encountered. The sur- 
faces of the cylinders are assumed to be perfectly 
conducting or to be covered with sufficient screen- 
ing wires to make the surface impedance small 
compared with the intrinsic impedance of free space. 
Open lattice structures are considered separately 
in Section 2.3. 




2 4 6 

cylinder radius 3o, rodians 

Fig. 6 - Relative phase of re-radiation from a 
circular cylinder in direction 4> = n 

When the width of a polygonal cylinder is large 
compared with the wavelength, its illuminated 
faces tend to behave as plane mirrors and the re- 
radiation coefficient may be calculated by the 
methods of geometrical optics. Thus the square- 
section cylinder shown in Fig. 7 will re-radiate 
strongly in directions P and R. The intensity of 
reflected wave will be approximately equal to that 
of the incident wave if the transmitting aerial is so 



When the width of an obstacle is small com- 
pared with the wavelength it may be replaced by an 
equivalent circular cylinder and the results of Sec- 
tion 2.1 applied. In calculating the size of the 
equivalent circular cylinder we assume for vertical 



* From published curves-^ showing the scattering cross- 
section of small rectangular cylinders it may be shown 
that a square cylinder of width w scatters the same power 
as a circular cylinder of radius 0-68w when one face is 
normal to the direction of incidence of a horizontally 
polarized wave. 



direction of 
incident radiation 




~>Q 



Fig. 7 - ke-radiation from a square-section cylinder 



close that the whole of the first Fresnel zone* lies 
on the reflecting surface. If this condition is not 
satisfied the intensity of the reflected wave will 
be reduced. If the width of the obstacle is small 
compared with the distance to the transmitter the 
use of the coefficient g(0) is valid and its modulus 
may be shown to be equal to the projected width of 
the reflecting surface in wavelengths. Thus in the 

* This condition is satisfied when the path lengths of 
non-specular rays travelling via the edges of the reflect- 
ing surface exceed the path length of the specularly- 
reflected ray by more than k/2. 



direction P in Fig. 7, |g(0)| = (w/k) cos and the 
horizontal re-radiation pattern of the cylinder has a 
lobe which resembles that of a uniform aperture of 
width (w/k) cos 0. In the direction Q, |g(n)| is 
equal to the projected width (w') of the cylinder in 
wavelengths and the horizontal re-radiation pattern 
has a main lobe which resembles that of a uniform 
aperture of width w /k. 

When the polygon is of intermediate size there 
appears to be no justification for the use of either 
the equivalent circular cylinder method or the geo- 
metric-optics approximation. A more exact theore- 
tical approach using an integral equation method 
has been described in a paper which contains 
computed re-radiation characteristics for square- 
and rectangular-section cylinders and |g(0) | may 
be derived from these characteristics in the manner 
described in the Appendix (Section 9.3). In Fig. 8, 
values of |g(0) | derived for waves normally incident 
on square-section cylinders are compared with 
values calculated by the two approximate methods. 
It will be seen that in the direction = the equi- 
valent circular cylinder approximation is inaccurate 
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Fig. 8 - Re-radiation coefficient of square-section cylinders of intermediate size 
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for square-section cylinders more than 0'5A. wide; 
above this width the geometric-optics method may 
be used with confidence. In the shadow region 
(4> = 180°) both of the approximate methods yield 
similar results and agree reasonably well with the 
more exact method. 

Reference 4 contains a number of computed 
power re-radiation patterns for square- and rectan- 
gular-section cylinders which show clearly the way 
in which the cylinder faces tend to behave as plane 
mirrors as the cylinder size increases. They also 
show how the widths of the re-radiation lobes are 
reduced as the cylinder size increases. 

2.3. Lattice Masts 

The methods described in Section 2.2 cannot 
be used for unscreened lattice masts which are 
more than a small fraction of a wavelength wide 
because the spaces between their structural mem- 
bers are an appreciable fraction of a wavelength. 
The re-radiation coefficient of such a mast depends 
to some extent on the number and arrangement of 
its cross bracings and is difficult to calculate 
theoretically. 

Because of this difficulty a comprehensive 
series of measurements has been carried out on 
models of typical square-section lattice masts up 
to 2 wavelengths wide. Re-radiation coefficients 
were measured for all values of <fc, for both polari- 
zations. The model masts were oriented first with 
a face normal to, and then at 45° to, the direction 
of the incident radiation. 

The measured re-radiation coefficients showed 
considerable variation with mast size, orientation 
and receiving aerial direction. With vertical polari- 
zation the results were consistent with re-radiation 
from currents induced in the corner pillars of the 
masts and it was found possible to calculate re- 
radiation coefficients with reasonable accuracy by 
regarding the mast as four parallel conducting 
cylinders. With horizontal polarization, variations 
due to currents induced in the corner pillars could 
still be distinguished although they were partly 
obscured by re-radiation from the cross bracings. 
The calculation of re-radiation coefficients was not 
considered to be practicable for horizontal polari- 
zation. 

With horizontal polarization (and to a lesser 
extent with vertical polarization) the re-radiation 
coefficient depends to a considerable extent on the 
number and disposition of the cross bracings. Con- 
sequently the detailed measurements described 
apply only to the particular type of lattice structure 
which was investigated although the maximum 



values of the measured re-radiation coefficients are 
a reliable guide to the maximum values which are 
likely to be encountered with any similar type of 
structure. It was observed that these maxima were 
approximately equal to the corresponding values for 
the equivalent circular cylinder described in Section 
2.2 and it is therefore proposed that the equivalent 
circular cylinder should be used as a basis for 
calculating upper limits to re-radiation coefficients, 
even though there is no theoretical justification for 
this procedure. 

2.4. Imperfectly-Conducting Cylinders 

In this section we consider the effects of 
obstacles such as tall buildings, factory chimneys 
and concrete towers. With an imperfectly-conduct- 
ing obstacle the induced currents are not confined 
to the surface (as with a perfect conductor) but are 
distributed in the surface layer. The current den- 
sity decreases exponentially, having a value which 
is 37% of that at the surface at a depth called the 
penetration depth. If the thickness of the obstacle 
is at least four times the penetration depth the 
incident wave will be attenuated by 35 dB by the 
time it reaches the far side of the obstacle. The 
obstacle is then almost completely opaque and 
does not differ, insofar as the field beyond it is 
concerned, from a perfectly-conducting obstacle. 

With perfectly-conducting obstacles we may 
regard the resultant field strength in any direction 
as the vector sum of incident and re-radiated fields; 
beyond the obstacle the two fields tend to cancel. 
This approach is equally valid for imperfectly-con- 
ducting obstacles* and we can explain their be- 
haviour on this basis. In this case the induced 
currents are progressively retarded in phase below 
the surface but, beyond the obstacle, their contri- 
butions to the re-radiated field combine in phase. 
Provided the obstacle is of sufficient thickness the 
total induced current is approximately equal to that 
induced on the surface of a perfect conductor and 
the resultant field beyond the obstacle is indistin- 
guishable from that which would be obtained with a 
perfect conductor. 

The same reasoning may be used to explain 
why the plane-wave reflexion coefficient of an 
imperfect conductor is less than unity. In front of 
the obstacle the contributions from the currents 
below the surface are not co-phased and the resul- 
tant re-radiated field is less than it would be with 
a perfect conductor. 

Although the foregoing argument applies 
strictly to an infinite plane sheet of material, it is 

* More precisely, obstacles whose conductivity in 
mhos/metre is appreciably greater than eF x 10~4 where 
e is the dielectric constant and F the frequency in Mc/s. 
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approximately correct for any cylinder which is 
sufficiently large for the methods of geometrical 
optics to be used. In these cases, therefore, pro- 
vided the thickness of the cylinder is more than 
four times the penetration depth, the re-radiation 
coefficient in the shadow direction may be taken 
as equal to the value for a perfect conductor. In 
other directions the re-radiation coefficient for a 
perfectly-conducting cylinder should be multiplied 
by the appropriate plane-wave reflexion coefficient. 

The majority of imperfectly-conducting struc- 
tures are made of brick or concrete and these are 
believed to have similar electrical properties. 
Reflexion coefficients and penetration depths at 
200 Vlc/s for wet and dry concrete, estimated from 
complex permittivity measurements made at h.f.,H 
are contained in Table 1; these values are almost 
independent of frequency over the whole of the 
v.h.f. and u.h.f. spectrum.* 

We are normally concerned with the greatest 
re-radiation effect. This occurs when the concrete 
is wet and under this condition we may regard any 
brick or concrete structure more than 10 ft (3 m) 
thick as equivalent to a metallic obstacle so far 
as shadowing is concerned. The amplitudes of the 
reflected signals may be taken as equal to half 
the amplitudes for similar metallic obstacles. 

* In making these estimates the real part of the complex 
permittivity was assumed to be constant and the imagi- 
nary part inversely proportional to frequency. For lossy 
dielectrics the penetration depth is independent of fre- 
quency. 



The behaviour of reinforced concrete is some- 
what different. In the shadow direction the rein- 
forcing rods cause all sizes of structures to behave 
as metallic obstacles. The reinforcing rods also 
increase the amplitudes of the reflected signals 
but it should be noted that the reflexion coefficient 
for a plane wave incident on a slab of reinforced 
concrete is not necessarily unity because some 
attenuation occurs in the surface layer of concrete. 
In Table 2, plane wave reflexion coefficients are 
given* for a sheet of concrete with reinforcing rods 
buried 4 in. {0*1 m) below the surface. 

If we again consider the greatest re-radiation 
effect we find that the reflexion coefficient of 
reinforced concrete must be assumed to be unity at 
all frequencies. The conclusion therefore is that 
reinforced concrete structures must always be con- 
sidered as equivalent to metallic obstacles. 

3. RE-RADIATION FROM OBSTACLES OF FINITE 
HEIGHT 

The re-radiation coefficient of a real obstacle 
differs from that of a hypothetical infinitely long 
obstacle partly because of its finite length and 
partly because of the existence of ground-reflected 
waves. The re-radiation coefficient of the infinite 
obstacle is therefore modified by a factor F called 
the finite obstacle factor; the re-radiation coeffi- 
cient of the finite obstacle, ,0(0), is then given by 
the expression: 

p(fj>) = F pM>) (17) 

* The values given in Table 2 were calculated from 
Equation (25) of Reference 11. 



TABLE 1 
Electrical Properties of Concrete 





WET 
CONCRETE 


ALMOST DRY 
CONCRETE 


DRY 
CONCRETE 


Plane wave reflexion coefficient 
(Normal incidence) 

Penetration depth (metres) 


0-50 
0-8 


0-44 
2-3 


0-27 
28 



TABLE 2 
Plane wave reflexion coefficients for reinforced concrete 





50 Mc/s 


200 Mc/s 


800 Mc/s 


Wet concrete 


0-99 


0-73 


0-63 


Almost dry concrete 


1-00 


0-94 


0-91 


Dry concrete 


1-00 


1-00 


0-995 
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In the special case when di« d?, this leads 
to the following simple relationship between p(0), 
F and g(4>). 



U0)l = If to) If— 



Vi 



(18) 



The calculation of p(<£>) and F for situations 
which arise in practice is discussed in this section. 



aerial 




Fig. 9 - An aerial close to a tall obstacle 



much less than hi the height-gain variation can be 
disregarded. Making the usual approximations it 
follows that the re-radiated field is proportional to 



H-hx 



.CO 



-/^ e/2d i dz 



where z is measured from height hi on the obstacle 
and d^di. It will be noted that the integration 
has been taken over by the whole of the obstacle 
even though height-gain and amplitude variations 
can only be neglected over a limited region. The 
justification for this depends on the principle of 
stationary phase, as does the extension of the lower 
limit of integration to -co. 

The re-radiated field due to an infinite mast 
in free space is proportional to the same integral 
taken between infinite limits; the ratio of the two 
integrals is equal to F, whose modulus is given by 



- y l^("H 



uh) + Vi 



-7% | 



(19) 



where 
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3.1. Transmitting Aerial Very Close to Obstacle 

Fig. 9 shows an aerial Ai close to a tall 
obstacle; it represents the situation which can 
arise if a new mast is erected at an existing trans- 
mitting site. In this particular case the ground has 
no effect, the modification to Po((f>) depending only 
on the relative heights of aerial and the top of the 
obstacle.* 

The current induced on the obstacle is greatest 
at the height of the aerial; above and below this 
height its amplitude diminishes while its phase 
becomes progressively retarded. As with the 
infinite obstacle, the re-radiated field is due mainly 
to the section of the obstacle for which the phase 
retardation is less than 180° i.e. the first Fresnel 
zone. In general the higher parts of this section 
will tend to contribute more strongly to the distant 
field strength than the lower parts on account of 
height-gain, but if the length of the section corres- 
ponding to the first Fresnel zone, 2(kdi) , is very 

* Although Ai is assumed to transmit, the results de- 
rived in this and subsequent sections are equally valid 
when Ai receives, since the principle of reciprocity 
applies. 



h - hi, d = d± and 0(m) is the complex Fresnel 
integral. 



The variation of \F\ with difference in height 
between aerial and obstacle is identical with the 
variation in the intensity of a wave diffracted over 
a straight edge. Thus IF] = Vi when H = hi. This 
variation of \F\ is shown as a function of Uf{ - «/, 
by the u^ = curve of Fig. 10. |f| is also a func- 
tion of the path difference between lays travelling 
via the top of the obstacle and via the most direct 
path; this path difference is given in the upper 
scale of Fig. 10. 

If the spacing di is less than 10 wavelengths 
the validity of Equation (19) becomes questionable. 
In order to assess the possible error, exact values 
of \F | for di = Sk were calculated by numerical 
integration and compared with the curve for ua = 
in Fig. 10. The error was found to be insignificant 
provided \F\ was expressed as a function of the 
exact path difference SB - SC (Fig. 10) and not by 
the approximation (H-hi) 2 /2di. In other words, 
reasonably accurate values of \F\ may be obtained 
from Fig. 10 when di<10k provided the upper hori- 
zontal scale is used. 
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Fig. 10 - Finite obstacle factors {or tall obstacles close to aerials having vertical directivity 



If the transmitting aerial has a radiating length 
comparable with (Kdi) , F may be smaller for the 
upper part of the aerial than for the lower; this 
situation would arise, for example if the centre of 
the aerial were at the same height as the top of the 
obstacle. The effective value of \F\ for the whole 
aerial may be obtained by integrating the complex 
value of F along the length of the aerial and then 
finding its modulus. Results obtained by numerical 
integration for a number of cases are shown in Fig. 
10; in each case the aerial was assumed to have a 
constant co-phased current distribution along its 
radiating length. 



3.2. Aerial-to-Obstaple Distance 
with Height of Obstacle 



Comparable 



If the spacing between the aerial and the 
obstacle is such that the stationary phase region 
(i.e. the length 2(kdi) 2 , analogous to the first 
Fresnel zone) extends over an appreciable length 
of the obstacle, the height-gain variation cannot 
be disregarded. An additional complication is that 
the obstacle may be illuminated by ground-reflected 
radiation in addition to direct radiation, unless the 
transmitting aerial possesses appreciable vertical 
directivity. 

The height-gain variation is often linear, 



especially at v.h.f.* In other words, the received 
field strength, due to re-radiation from a point on 
the obstacle, is proportional to the height of that 
point above the ground. Although linear height-gain 
occurs when cfe is large, this does not necessarily 
imply that d 2 is very much greater than di. The 
situation which arises when the height-gain is 
linear is discussed in Section 3.2.1** and the more 
general case in Section 3.2.2. 

3.2.1. Distant Receiving Aerial, Resulting in 
Linear Height-Gain over Obstacle 

The arrangement considered is shown in 
Fig. 11(a). The obstacle and the two aerials do 
not necessarily lie in the same vertical plane; thus 
Fig. 11(a) may be regarded as two facing pages of 
a book which has been fully opened. The distance 
to the receiving aerial is sufficiently large for the 
linear height-gain relationship to be satisfied. 

* With flat ground the height-gain variation can be re- 
garded as approximately linear up to a height hd^/Sh?, 
where h 2 is the height of the distant aerial. However, the 
height-gain variation is frequently influenced by the 
nature of the path to the distant aerial and consequently 
the profile of this path should be examined to see if 
linear height-gain is a reasonable assumption. 

** The method described in Section 3.2.1 was originally 
proposed by O.D. Monteath. 
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obstacle, height H 




Fig. 11 - An obstacle satisfying the linear 
height-gain condition 

(a) re-radiation due to direct illumination 

(b) re-radiation due to ground-reflected illumination 



of integration are consequently H + h and h. Addi- 
tion of these two expressions and the use of 
approximations for r t and r 2 similar to those em- 
ployed in Section 2 lead to the following result: 



E R = .; ™-ML n{kd )* f(u H ,u h ) e-i* d *+ d2+ e) 



where 



h = hid 2 /(di + d 2 ) 
d - did 2 /(di + d 2 ) 



1 

f(u H ,u h ) = ^ 



0(u H - u h ) + 0(u H + u h ) 



(23) 



Linear height-gain is taken into account by 
multiplying Equation (2) by K' z , where K' is a 
constant and z is the height of the point P on the 
obstacle. The re-radiated field strength is therefore 



. e -j ir(u H 2 * u h 2)/ 2 sin (jr UHUh ) 

nu h 



(24) 



-jK'g(4>) 



■iPrt 



r 2 



'E(z') dz 



(21) 



and e is the difference between the length of the 
straight line AiB of Fig. 11(a) and the horizontal 
distance di + d 2 . The quantities u H and u^ were 
defined in Equation (20). 



where E(z') is the field strength which would exist 
at the obstacle if the latter were removed. * Since 
E(z ) is the resultant of direct- and ground-reflected 
radiation from Ai, E R may be regarded as the sum 
of two components, each of which may be calculated 
separately from Equation (1). Thus the component 
of E R due to direct radiation is 



The field strength due to direct radiation is 



H-h 
r 



j KK' g((j>) 



(z + h) 



-jBir! + r 2 ) 



dz (22) 



nr 2 ' 



where h is the height at which the line AiB inter- 
sects the obstacle, z being measured from the point 
of intersection, as shown in Fig. 11(a). The com- 
ponent E R due to ground-reflected illumination of 
the obstacle is calculated by assuming that it origi- 
nates from a negative image of Ai in the ground; 
this implies that the ground reflexion coefficient 
is -1 at all angles of incidence. This component 
of E R is then given by an expression similar to (22) 
but of opposite sign; for convenience, z is now 
measured from the intersection of the line AiB and 
the obstacle, as shown in Fig. 11(h) arid the limits 



do 2 



(25) 



where e is defined in a similar manner to e. It will 
be noted that Equation (25) contains a factor K'hi 
because the field strength due to direct radiation 
from Ai is proportional to hi. From Equations (23) 
and (25) we have 



E R dg<kd» A 

p(4>) = — - = -;' g(<t>) 



did 2 (di + d 2 ) 



(26) 



Now as F - p(4>)/po(cf>), from Equations (5) and 
(26) we have 



F = - f(u Hl u h )ei (7TM - £ + £ J (27) 

hi 



* Equation (21) contains the factor l/f2 2 because field 
strength is inversely proportional to the square of the 
distance when linear height-gain applies. 



If d 2 ^>di Equation (27) simplifies to 



F - / (u H ,u h ) e> 



t/4 



(28) 
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For many applications the phase of p((f>) is of 
no interest and attention may be confined to the 
value of \f(ufj,u^)\, which is equal to |F| when 
d^ d\ and related to it by Equation (27) when d? 
is comparable with d\. In Fig. 12, computed values 
of !/("//, u/,)| are plotted as a function of u^ for a 
number of different values of u^ - u^. 

The oscillatory nature of these curves is due 
to interference between direct and ground reflected 
illumination of the obstacle, one cycle correspond- 
ing to a one wavelength change in the path diffe- 
rence between direct and ground reflected rays from 
Ai to the top of the obstacle. If the aerial and 
obstacle heights are increased but a constant 
height difference maintained the oscillations die 
out and the values of \f(un,u h )\ tend to the values 
of \f\ given in Fig. 10. 

The fact that |/(u//,uft)| and therefore \F\ can 
be considerably greater than unity is a surprising 
result. Large values of \F\ occur when Ai is close 
to the ground and the obstacle is somewhat higher. 
Under these conditions the direct signal arriving 
at the receiver is relatively weak (because of the 
low height of Ai) while the signal re-radiated from 
the upper part of the obstacle is enhanced because 
of its greater height. Large values of \f\ can only 
occur if the re-radiation from the upper part of the 
obstacle is substantially co-phased. If this require- 
ment is not satisfied the net re-radiation from the 
upper part of the obstacle may be quite small and 
low values of |F| obtained even with tall obstacles. 
As the height of an obstacle is increased the value 



of \F\ goes through a succession of maxima and 
minima and eventually tends to unity. 

The curves of Fig. 12 cover a large part of 
the range of values of u^ and u>, which are en- 
countered in practice, with the exception of values 
of u/, greater than 3. When u/, is large, however, 
the oscillations become relatively small and for 
most purposes the mean value about which each 
curve oscillates provides a sufficiently close 
approximation to the required value of \f(ufj ,u/j)|. It 
may be shown that this mean value is given by 



1 

?2 



^(u H - u h ) + Vi -jVl + e -j-niuH - uh) 2 /2 

TTU h 



(29) 



When u h is very large, |/(wh,uj,)| is given approxi- 
mately by the u A = curve in Fig. 10. 

Values of F for obstacles illuminated by trans- 
mitting aerials having vertical directivity may be 
calculated by integrating the complex value of F, 
given by Equation (27) or (28) as appropriate, along 
the length of the aerial (as in Section 3.1) or by 
regarding the aerial as a set of discrete sources 
and calculating the average value of F. Fig. 13 
shows an example of a computation of |F| for an 
8-source aerial, compared with values of |F| for a 
single source at the same height as the centre of 
the directional aerial. The sources were spaced 
l'OA. vertically and assumed to carry equal co- 
phased currents. The obstacle and aerial heights 
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Fig. 13 - Comparison of finite obstacle factors for aerials with and without vertical directivity 
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17 



were equal and the distance to the receiving aerial 
was assumed to be large compared with di. 

The oscillations in both curves are due to 
interference between direct- and ground-reflected 
illumination of the obstacle, the maxima occurring 
when direct- and ground-reflected rays from the 
source are in phase near the top of the obstacle. 
With the directional aerial the oscillations are 
smaller than with a single source because of the 
reduction of the ground-reflected ray. If the direc- 
tional aerial is considered in more detail we find 
that the first zero in its v.r.p. occurs at 7"2° and 
falls at the base of the obstacle when the distance 
is 160/V. For distances less than 160/V the ground- 
reflected illumination of the obstacle is therefore 
insignificant and the oscillations are small. The 
value of \F\ is then a little less than 0*5 (the value 
which would be expected for an aerial and obstacle 
of equal height) because linear height-gain dimi- 
nishes the contribution to the distant field strength 
from the lower part of the obstacle. Fig. 13 shows 
that ground-reflected illumination is still unimpor- 
tant at distances somewhat greater than 160/V; this 
is because the upper part of the obstacle is not 
strongly illuminated by the ground-reflected ray. 
At distances greater than 320/\, however, the whole 
of the obstacle and its image lies within the main 
lobe of the directional aerial and consequently 
there is less difference between the two curves. 

The single source curve of Fig. 13 is similar 
to the U[] - lift = curve of Fig. 12, the only diffe- 
rence being that \f\ i$ plotted as a function of d//V 
instead of u h . For d < 320\ the value of \f\ for the 
directional aerial is closely approximated to by 
the values for u# - u^ - given by Equation (29). 
This result suggests that Equation (29) may be 
used for other aerial and obstacle heights when 
directional aerials are used, provided the obstacle 
is not strongly illuminated by ground-reflected 
radiation. 



transmitting 
ocria 



receiving 
aerial 




Fig. 14 - Obstacle and aerials, showing direct 
and ground-reflected rays 



previous sections, the ground is assumed to be flat 
and to have a reflexion coefficient of -1; this 
assumption is reasonable at all angles of incidence 
for horizontal polarization, and for angles of inci- 
dence greater than 70° for vertical polarization. 
Aerial Ai is assumed to be transmitting. 

The total re-radiated field strength at A2 due 
to the current induced in the obstacle by Ai is found 
by integrating along the length of the obstacle. 
The current at P (Fig. 14) is induced by the resul- 
tant of direct- and ground-reflected radiation from 
Ai, while the re-radiated field strength at A2 is 
itself the resultant of direct- and ground-reflected 
radiation from P. Consequently the field at A 2 may 
be regarded as the resultant of four components, 
corresponding to the four paths shown in Fig. 15. 

The component E a due to direct illumination 
of the obstacle and direct re-radiation is given by 
an expression similar to Equation (3) and is 



H-L 



E a 



-jKg(4>) 



iP(r! + ri) 



nr 2 



dz 



(30) 



where ri and r 2 are the distances shown in Fig. 15(a) 
and L is the height at which the line A1A2 inter- 
sects the obstacle. 

Making the usual approximations, Equation (30) 
may be re-written 



H-L 



K gW jf3( dl + d 2 + S) 

ca - -/ e 

did 2 



-L 



e^ z2/2d dz 
(31) 



where S is the difference between the oblique dis- 
tance AiA 2 and the horizontal distance (di + d 2 ). 

The corresponding expressions for the other 
three components are 



H-L' 



B - ■ K g( & yififd,. + d 2 + »') 
did 2 



e .jPz*/ld dz 
(32) 



3.2.2. Distance to Receiving Aerial Insuffi- 
cient for Linear Height-Gain 

The arrangement considered is shown in 
Fig. 14, the obstacle and the two aerials not neces- 
sarily being in the same vertical plane. As in the 



H+L 



Ec - 1 ' — — e 1 



did 2 



(33) 
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„ _ . K g(& -//3(di + d 2 + S) 
Ed - -j • e 

did? 



H+L 
f 



e>^ nd dz 
(34) 



where V is the height of intersection of the line 
A1A2 and the obstacle (Fig. 15(6)) and S' is the 
difference between A1A2 and d\ + d 2 . 

It may be shown that the sum of the four com- 
ponents is 

Kg(<f>) 



E R = -j 



di.d 2 



(kd) V2 Q e" j/3(dl + d * ] (35) 



where 

Q = -7= iei 0S [^(u H - u L ) + i/»(u H + u L )] 

-e"^ 8 ' [i/,fw H - uO + 0(u H + ui)]} (36) 
HA LA . L'A 



"H 



" L (d/2/0' /2 



"L 



(d/2\)' /2 "" (d/2/0* ^ (d/2\)* 
and i//(w) is the complex Fresnel integral. 




to 



w; 



Fig. 15 - The four rays which contribute to 
re-radiation from an obstacle 

The field strength due to direct radiation is 
the sum of direct- and ground-reflected waves, each 
of which is given by Equation (1). Their resultant 
is 

E D = j™ &m (£!!±) „-/**,♦ «o> (37) 
do \ do ) 

where S = kh\ + h$)/2do 

From Equations (35) and (37), the re-radiation 
coefficient is 



En g(4>) do y 

pick) = £5 = - IZ. (Kd)* Q cosec 

En 2did 2 



From Equations (5) and (38) the finite obstacle 
factor is 



F = 



p44>) 



— ■ Q cosec 
2 



l^±) e i 



tt/4 „//3S 



(39) 



Equations (38) and (39) contain so many para- 
meters that presentation in graphical form is im- 
practicable. To enable specific values of \p(<£>) | 
to be calculated, however, a computer programme 
has been developed for the function 



(A.a) Q cosec 



2 did 



do 



This function is referred to as the "obstacle re- 
radiation factor". The input data required are hi, 
hz, H, do, di and do., all in wavelengths. 

3.3. Obstacle at Great Distance from Both 
Aerials 

In this section we consider an obstacle which 
is so far from the transmitting aerial that the illu- 
minating field strength increases linearly with 
height and is so far from the receiving aerial that 
the linear height-gain condition is also satisfied 
for re-radiation. In this situation reflected signals 
causing multipath distortion may be important but 
shadow losses are insignificant and the absolute 
phase of the re-radiated signal is therefore of no 
interest. 

The field strength E(z) which would exist at 
the obstacle if it were not there is the sum ofdirect- 
and ground-reflected waves each given by Equation 
(1). Their resultant is given approximately by 



E(z) = j IK 



/3hiz 



-it$n 



(40) 



where z is measured from ground level and r± from 
the point on the ground below Ai. 

The re-radiated field strength from an element 
of the obstacle is the sum of direct- and ground- 
reflected waves each given by Equation (2) and is 
approximately equal to 



Er = 2g(( p)£hl e -iBr, E{z)h: 
r-i 



(41) 



where r 2 is measured from the ground below A2, as 
in Fig. 11. 



Phih* \ a .jftdi + d 2 - d - Sq) 
do 



(38) 
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Combining Equations (40) and (41), making the 
usual approximations and integrating, we have 






z*e-iP* 2/2d dz 



(42) 



This leads to the result 



E R \ = 



*Kg(4>)—l.pd 



Zl "2 



(kd 
\ 2 



Vi 



.fy(u H )-u H ei™rf /2 '] 



(43) 

The field strength due to direct radiation is 
given by an expression similar to Equation (40); 
the ratio of Ifi^ | and |Eq | gives \p(4>) \ as follows, 



|,o(<£) I = 



2g(</>) 



\dld2) \ 2 / 



: I>M 



u H e 



■TTU H */^ 



It will be seen that \p(4>) \ is independent of hi and 
h 2 . 

If t\ + r z does not exceed d\ + d 2 by more than 
-V/4 at the top of the obstacle, the exponential 
term within the integral of Equation (42) may be 
disregarded. The expression for \p(4>) \ then simpli- 
fies to 



1/0(0)1 = \g(4>)\ 



AnH'' 



do 



3 A. \di_d<2 
provided H is less than (kd/2) . 



4. RE-RADIATION FROM NON-UNIFORM OB- 
STACLES 

Although the re-radiation coefficient of a non- 
uniform obstacle such as a tapered self-supporting 
tower would be difficult to calculate exactly, since 
g(0) is not constant, an approximate solution may 
be obtained by ascribing an average value to g(0)- 
Now the part of the obstacle which makes the major 
contribution to the re-radiated field is the stationary 
phase region, i.e. the part of the obstacle respon- 
sible for the component of the re-radiated field 
which has the least delay. This is the part of the 
obstacle which is intersected by the lines joining 
Ai and A2 or their images. Thus in the general 
case illustrated in Fig. 15 the calculation should 
be based on the average value of g(0) between 
heights L and L'. 



Stayed masts may also be regarded as non- 
uniform obstacles, the effects of individual stay 
wires being considered separately. Since the width 
of a stay wire is always small compared with the 
wavelength its re-radiation pattern must be symme- 
trical about its axis. It therefore takes the form of 
a cone, as shown in Fig. 16. In the horizontal 
direction significant re-radiation occurs only in the 
shadow direction and in the direction corresponding 
to specular reflexion from the plane containing the 
mast and the stay wire. In other directions the re- 
radiation is directed above or below the horizontal 
and has little effect except in the immediate vici- 
nity of the mast. 



ro -radiation 



stay wire 



direction of 
incident radiation 




-^> re - rodiolion 



re - radiation pattern 
of stay wire 



Fig. 16 - Plan view showing re-radiation 
from a stay wire 

To estimate the effect of a stay wire, the inci- 
dent electric vector is resolved into components 
parallel and perpendicular to the wire. The re- 
radiated field is then calculated with the help of 
Fig. 3(a), the parallel component being regarded, 
for this purpose, as a vertically-polarized incident 
wave.* The amplitude of the component of the re- 
radiated field which has the same polarization as 
the incident wave is then determined. This double 
process of resolving into component vectors has 
the effect of multiplying the value of g(0) obtained 
from Fig. 3(a) by cos 2 (9 for vertical polarization 
and by sin 2 (5 sin z for horizontal polarization, 
where 9 is the angle of inclination of the stay wire 
to the vertical and is the angle shown in Fig. 16. 
The multiplying factors show that the re-radiation 
from a stay wire is independent of its position 
around the mast for vertical polarization. 

Since the width of a stay is small compared 
with that of the mast it supports, its effect will 
generally be much smaller than that of the mast it 
supports. However, when there are several stay 
wires in the same vertical plane their re-radiation 
will add in phase in the directions shown in Fig. 
16. They may therefore produce an appreciable 
effect. Furthermore, in the shadow direction (0= n), 
the effects of all the stays will add in phase and 
combine with the mast in opposing the incident 
radiation. 

* T or 8a < 0-1 , \g(<t>)\ is approximately equal to 
l/[2 log (M23//3a)]. 
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5. THE EFFECT OF THE INTERVENING TER- 
RAIN 

In Section 3 the ground was assumed to be 
perfectly level and to have a reflexion coefficient 
of -1 at all angles of incidence. The effect of 
departures from this idealized situation are now 
discussed. 

Although -1 is a good approximation to the 
ground reflexion coefficient for horizontally-pola- 
rized waves at all frequencies and angles of inci- 
dence, it applies only near grazing incidence with 
vertical polarization. Consequently the illumination 
of an obstacle by an aerial at a moderate distance 
(as in Section 3.2) may be somewhat different for 
the two polarizations. On the other hand reception 
at a distant receiving aerial (as in Section 3.2.1) 
will not be influenced greatly by the polarization. 

The effect of a departure of the ground reflexion 
coefficient from -1 may be assessed qualitatively 
by considering Fig. 13. As already stated, the 
oscillations in the curve for the single source are 
due to interference between direct- and ground- 
reflected illumination of the top of the obstacle 
and, as Fig. 13 shows, the oscillations are reduced 
when the reflected wave is diminished by increased 
aerial directivity. A similar effect will occur if the 
ground reflexion coefficient is reduced, but if its 
phase is changed and its amplitude not greatly 
diminished, the oscillations will be displaced 
sideways. In the absence of a detailed calculation 
it is reasonable to assume that \F\ or \p(4>) | is 
equal to the mean value of the appropriate oscillat- 
ing curve, with a tolerance equal to the amplitude 
of the oscillations. 

Surface roughness has an effect similar to that 
of reducing the ground reflexion coefficient. The 
effect is greatest at high frequencies and least at 
angles of incidence close to the horizontal. As a 
rough guide, Rayleigh's criterion may be used; this 
states that a surface may be regarded as smooth if 
the heights of the ground irregularities in wave- 
lengths are less than 0-125/cos 8, where 8 is the 
angle of incidence. 

Larger irregularities such as hills may con- 
siderably modify the re-radiation coefficient of an 
obstacle. For example, it is possible to visualise 
a situation in which an obstacle is strongly illu- 
minated by the transmitting aerial and is also 
visible from the receiving aerial although the two 
aerials are screened from each other by an inter- 
vening hill; the re-radiation coefficient would then 
be considerably enhanced. This kind of situation 
is most likely to arise when di and d 2 are compar- 
able. When di«d2, the propagation paths from 



both Ai and the obstacle to the distant aerial will 
be similar and the direct and re-radiated waves 
will be attenuated to an equal extent. 

It is difficult to calculate the re-radiation 
coefficient in a situation of the type described 
above. A crude estimate may be made, however, 
by calculating p(ff>) assuming the ground to be flat 
and then increasing this value to allow for the extra 
attenuation caused by the hill between the two 
aerials. 

A different situation arises when the obstacle 
is on higher ground than the transmitting aerial. 
The re-radiation is then enhanced by the greater 
height-gain of the obstacle and diminished by the 
fact that the re-radiation tends to be predominantly 
above the horizontal plane. An exact analysis of 
this situation would follow the lines described in 
Section 3.2, the integrations being performed 
between different limits. A crude estimate may be 
made by comparing the lengths of rays drawn from 
one aerial to the other via the top and bottom of the 
obstacle with the length A1A2 (Fig. 15); this 
enables the number of Fresnel zones which lie on 
the obstacle to be estimated and its effect assessed. 
If the obstacle is situated on lower ground its effect 
is likely to be small unless it intersects the line 
AiA s . 



6. CALCULATION OF THE DISTURBANCES 
CAUSED BY AN OBSTACLE 

Having determined the re-radiation coefficient of 
an obstacle in a number of horizontal directions, 
its effect on the service provided by the trans- 
mitting aerial may be assessed. 

The disturbing effects caused by an obstacle 
may be classified under three headings: 

(1) Distortion of the shape of the horizontal radia- 
tion pattern (h.r.p.) of the transmitting aerial 
i.e. unwanted variations of effected radiated 
power (e.r.p.) with direction, which may give 
inadequate reception in some directions and 
the possibility of interference to co-channelled 
transmissions in other directions. 

(2) Variation of field strength over the working 
frequency band in a fixed direction. 

(3) Distortion in television pictures or in f.m. 
sound reproduction caused by reflected signals 
of appreciable delay. 

These three forms of distortion are discussed in 
greater detail below. 
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6.1. Distortion of the H.R.P. 

As an example, Fig. 17 shows the h.r.p. of a 
typical aerial in the presence of an obstacle for 
which |p(0)| = 0-12 at = 180° and 0-06 between 
= and - 90°. The distance between aerial 
and obstacle is 30 wavelengths and the distance 
to the receiving aerial assumed to be very much 
greater. 

In the shadow region (0 = 180°) the obstacle 
reduces the field strength radiated by the aerial 
from 1*00 to 0*88, a reduction of 1*1 dB. A move- 
ment by the observer of 10° either way from ~ 
180° changes the relative phase of the direct and 
re-radiated signals by 180° , so that they add in 
phase to give a relative field strength of 1*12 (an 
increase of 1*0 dB). The amplitude of the re-radia- 
ted wave falls gradually to 0*06 at = 90° and 
then remains at this value. The field-strength 
variations become more rapid as = 90 is approa- 
ched but become slower again as the observer 
continues towards = 0. They are so rapid that 
it is impossible to show them on Fig. 17 in the 
= +90° directions. Nor are they shown in the 
0=0 direction because here the phase difference 



between the direct and re-radiated waves depends 
on the exact spacing between aerial and obstacle 
and on the phase variation of their radiation pat- 
terns; these factors are not normally known with 
sufficient accuracy. In these directions, therefore, 
the variations of the h.r.p. can only be indicated 
by upper and lower limits. 

It should be noted that, although the amplitude 
of the re-radiation from the mast remains constant 
at 0-06 over an arc of 180° centred on = 0, its 
amplitude relative to the direct radiation varies 
because the aerial does not radiate uniformly in 
all directions. Thus the field-strength variations 
at = are +0-5 dB (1-00 ±0-06), at = 90° 
they are ±0-7 dB (0-82 +0-06) and at = -90° 
they range between +2-0 dB and -2-5 dB (0-24 + 0-06). 

Strictly speaking, field-strength variations 
occur only if the transmitter is unmodulated or if 
the time variation of its modulation is slow com- 
pared with the time delay of the re-radiated wave. 
If this is not the case, the re-radiation takes the 
form of a delayed signal; this is discussed in 
Section 6.3. 




(£=90° 



4> = 180° 
distance between aerial and mast 30^ 

Fig. 17 - The h.r.p. of an aerial in the presence of an obstacle mast 
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6.2. Variation of Field Strength over the Working 
Frequency Band 

In the case illustrated in Fig. 17 (where the 
spacing between aerial and obstacle is 30M the 
path difference between the direct and re-radiated 
waves increases from zero at 4> - 180 to 60A. at 
0=0. Thus, at 4> - 0, a 1% change in frequency 
will change the path difference between the direct 
and re-radiated waves by about 0-5A. and change 
their relative phase by 180°. As 1% is only a 
fraction of the bandwidth occupied by a television 
transmission on Bands I and III, the video signal 
received at a fixed point will vary over the band 
by exactly the same amount that the field strength 
varies if the observer moves. Thus at = -90°, 
the video response would vary by 4-5 dB over the 
band; this could cause appreciable distortion. 
Similarly the re-radiated wave can disturb the 
sound/vision ratio of a television transmission, 
and may upset the parity between the different 
programmes radiated by a v.h.f. sound broadcasting 
station. 

6.3. Distortion caused by Re-radiated Waves 
having Appreciable Delay 

If the time delay between the direct and re- 
radiated waves exceeds the time occupied by a 
picture element of a television transmission, the 
re-radiation may be visible as an edge effect or as 
a separate image or "ghost". This may be either 
positive or negative, depending on the relative 
phase of the two waves. 

In the example illustrated in Fig. 17, if the 
spacing between the aerial and obstacle is 500 ft 
(150 m), the time delay can have a maximum value 
of 1 [is at 4> ~ and half this value at 4> - ±90°. 
This is sufficient for the distortion to be visible 
as a delayed image on a 405-line picture. The 
relative amplitude of the delayed image is equal 
to the ratio of the direct and re-radiated waves. 
Thus it is 0-06/1-00 (-24 dB) at = 0, 0-06/0-82 
(-23 dB) at 4> = 90° and 0-06/0-24 (-12 dB) at = 
-90°. These levels would normally be regarded as 
unacceptable. 

In the case of f.m. sound broadcasting, delayed 
re-radiation can cause multipath distortion. 
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height of the aerial is equal to that of the obstacle, 
the amplitude of the re-radiated signal is halved; 
it decreases rapidly if the aerial height is increased 
still further. Ground reflexions also modify the 
re-radiated signal and under some circumstances 
may make it appreciably stronger than it would be 
in the absence of reflexions. 

The strength of the re-radiated signal also 
depends on the size and shape of the obstacle. If 
the obstacle is a uniform solid cylinder whose 
width exceeds one wavelength, its re-radiating 
properties may be determined by the methods of 
geometrical optics. Thus the re-radiation in the 
shadow direction is concentrated in a lobe which 
resembles that due to a radiating aperture of the 
same width as the obstacle. The width of this lobe 
(for a given obstacle size) decreases as the fre- 
quency increases, while the strength of the re-radia- 
ted signal increases as the square root of the fre- 
quency if certain conditions are satisfied. Lobes 
with similar properties are also formed when specu- 
lar reflexion takes place from the faces of polygonal 
cylinders. Reflexion from a circular cylinder, how- 
ever, is almost constant over a wide arc and is 
independent of frequency. 

The behaviour of lattice structures is more 
complicated and must generally be determined 
experimentally. Brick and concrete structures of 
sufficient size behave as metallic obstacles where 
shadowing is concerned, but in other directions 
the re-radiation is approximately halved. Rein- 
forced concrete structures resemble metallic 
obstacles. 

The theory applies to re-radiation from uniform 
obstacles situated on level ground whose reflexion 
coefficient is assumed to be -1 over a wide range 
of angles. As this idealized state of affairs is 
seldom encountered in practice, it is proposed to 
carry out measurements near real obstacles to see 
how well the theory is obeyed in typical situations. 
Consideration is also being given to the possibility 
of performing other measurements with models in 
order to test the theory more exactly. 
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9. APPENDICES 

9.1. The Re-radiation Coefficient of a Perfectly- 
Conducting Circular Cylinder 

The re-radiation coefficient of an infinite 
circular cylinder may be conveniently derived from 
Carter's formulae 2 for the far field radiation pattern 
of a source Ai in the presence of the cylinder shown 
in Fig. 18. For vertical polarization the source is 
a vertical doublet and the horizontal radiation 
pattern is given by 

E = V + 
where 



2 /"Vncosn* 



(44) 



H„ (2) (M) 



■Vn = Jrc(M) - Jnifia) ~^2) 



Un ( 2 '(/3a) 



cylinder, radius 




Fig. 18 - Re-radiation from a circular cylinder 



The phase of radiation pattern is referred to the 
cylinder axis. 

Now if the cylinder were removed, the field 
which the doublet would radiate would be constant 
in amplitude in all directions, but if its phase were 
still referred to the position occupied by the cylin- 
der axis, it would be given by the expression 



E D = 



-/ Qd^cos <t> 



JofM) + 2 ^ j n J n (j3di) cos n<p (45) 



The contribution to the total field due to the 
re-radiation from the cylinder alone is equal to the 
difference between Equations (44) and (45) and is 
therefore given by 



E R = -Jo (/3a) 



H (2) (/3a) 



"^J Wa) Hn ^ (/ 3a) C0S " C 



(46) 



By definition the re-radiation coefficient is 

equal to the ratio of the direct and re-radiated 

fields; from Equations (45) and (46) this is given 
by 
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p o (0) = J^ = _ e -//3d lC os< 



Jo (/?a) 



Ho (2) (/Sdi) 



H n (2) (/?dl) 






cos nq 



(47) 



sponding to the angle <p\ it subtends angles a at Ai 
and /3at the cylinder axis. The distance to aerial 
A2 is very much greater than d\. 

A bundle of incident rays of angular width Sa 
spreads over a wider angle 80 after reflexion and 
the intensity of the reflected ray is reduced by the 
factor da/dtf). The ratio of the field strengths of 
the direct and reflected waves arriving at A2 is the 
square root of this quantity. 



Using a similar method it may be shown that the 
re-radiation coefficient for horizontally-polarized 
waves is given by 



From geometrical considerations it may be 
shown that /3 = V£(0 - a) and also that sin/3 ~ ad^/a, 
provided di»a. It therefore follows that 



/O O (0) = e -i0di cos 4> 



Jo (/3a) 
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(48) 
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~ sin — - — cos — (49) 

2 2 2 2 



Differentiating Equation (49) with respect to we 
have 



di 1 4 

— + — cos — 
a 2 2 



da. 1 4> a 

- — ^— cos — + — sin —(50) 

d0 2 2 4 2 



Equation (48) applies to an omnidirectional 
source (i.e. a horizontal loop aerial). If the source 
were a horizontal dipole facing the cylinder, the 
expression for p(4>) would be similar, but the Hankel 
functions of f3di would be replaced by their deriva- 
tives. Both expressions lead to Equation (13) when 
d 1 /k» (a/K) 7 . 



Since d 1 /a»'/2Cos(0/2)»(a/4) sin(0/2) for all 
values of 4> except those corresponding to the 
shadow region (0^7r), Equation (50) may be sim- 
plified: 



da 

d<p 



~~' cos — 
2di 2 



(51) 



9.2. Reflexion from a Large Circular Cylinder 

In directions other than the shadow region 
(0 = 77) waves falling on a circular cylinder are 
reflected and suffer attenuation because of angular 
divergence. When the cylinder radius is sufficiently 
large, geometrical optics may be used to calculate 
this attenuation and derive a value for /O o (0). 



The modulus of the re-radiation coefficient is there- 
fore 

U(0)| =(— J ^ ( — cob _) (52) 



^d0/ \2di 2 



and it follows that 



|g(0)| = l/OoWlf™ 




Fig. 19 - Reflexion from a large circular cylinder 
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■ cos — 
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(53) 



9.3. Re-radiation from Rectangular Cylinders of 
Intermediate Size 

In Reference 4, curves for two quantities 
termed "gain" and "scattering cross section" are 
presented. The gain Gg is defined as 



Fig. 19 shows a source Ai distant di from a 
cylinder of radius a. P is the reflexion point corre- 



scattered power density in a given direction 



average scattered power density 



(54) 



The published curves showing gain as a function of 
azimuth are therefore power radiation patterns. The 
scattering cross section* cr sc is defined as 



cr„, 



scattered power per unit length of cylinder 



incident power density 



(55) 



The relation between these two quantities and g(4>) 
may be derived as follows: 

The average scattered power density at a dis- 
tance r from the axis of the cylinder is equal to the 
scattered power per unit length divided by 2nr. 
From Equation (55) we therefore have 



* The scattering cross section of Reference 4 should not 
be confused with the scattering cross section of a finite 
object (sometimes called the "radar cross section"), 
which is defined as the ratio 4Trr 2 W r /Wi, where W r is the 
scattered power density at a distance r and Wj is the 
incident power density. 
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&SC _ average scattered power density at distance r 

2nr incident power density 

(56) 

From Equations (54) and (56) it will be seen that 
the scattered power density at a distance r in a 
particular direction, relative to the incident power 
density, is therefore Gg a sc /2nr; the modulus of 
the re-radiation coefficient is the square root of 
this quantity. We then have 






Ge\ 



(57) 



where la is the width of one face of the rectangular- 
section cylinder. Reference 4 contains curves 
giving Gg as a function of 4> and (cx sc /4a) as a 
function of /3a for rectangular cylinders with various 
aspect ratios; g(<fc) may be calculated by substitut- 
ing values from these curves in Equation (57). 
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